ABSTRACT: This study evaluated pre-slaughter stress and its influence on the stress indicators, quality characteristics and sensory characteristics of Nile tilapia fillets. To this end, two experiments were conducted: (1) , were compared to control treatment fish (in which the fish were removed from the net cage and immediately euthanized); and (2) two transportation densities (100 and 400 kg m -3 ), transported for 180 min, compared with control treatment fish. In experiment 1, the transportation time of 60 min resulted in higher levels of serum cortisol and plasma glucose compared to the transportation time of 240 min and the control. Fish fillets transported for 240 min had higher water-holding capacity, less water loss by pressure and higher levels of juiciness compared to fish transported for 60 min. Color, pH and water loss during cooking were not affected by transportation time. In experiment 2, transportation densities of 100 and 400 kg m -3 did not significantly affect the stress indicators nor the instrumental quality parameters of the fillets, but fish transported at 400 kg m -3 showed better visual acceptance by panellists.
Introduction
Pre-slaughter stress is an important issue for the industry, as it directly influences the welfare and meat quality of animals. Studies of fish have shown that pre-slaughter stress affects the color, texture and water loss of the meat (Stien et al., 2005; Sveinsdóttir et al., 2010; Rahmanifarah et al., 2011; Digre et al., 2011; Goes et al., 2015) . The mechanisms that explain these changes in meat quality are related to the depletion of stores of glycogen and muscle adenosine triphosphate (ATP) with an increase in anaerobic glycolysis due to excessive exercise during stress. One of the metabolites resulting from anaerobic activity is lactic acid, which accumulates in muscle and causes a drop in muscle pH (Barton, 2002) .
This low pH may account for changes in the quality of the meat because it leads to the early onset of rigor mortis (Bahuaud et al., 2010; Roth et al., 2012) and structural breakdown with higher proteolytic activity (Hultman et al., 2012) . The mechanical stress on muscle fibers or connective tissue, which causes the release of proteases, may also contribute to the acceleration of the post-mortem softening of the flesh (Roth et al., 2006) . Furthermore, the reduction in water-holding capacity may be related to structural alterations in fish muscle (detachment of the sarcolemma, gaps in the extracellular matrix, widening of the intermyofibrillar space and transversal shrinkage of the cells) (Olsson et al., 2003) . Post-mortem weight loss is of particular interest to aquaculture as it represents a direct economic loss for the fishery industry (Jørpeland et al., 2013) .
Among the species of fish farmed worldwide, tilapia farming, including Nile tilapia and some other cichlid species, is the most widespread type of aquaculture in the world (FAO, 2014) . In Brazil, Nile tilapia (Oreochromis niloticus) is the most widely cultivated species with a production of 198.49 thousand tons in 2014 (IBGE, 2014 .
Transportation of live fish from the farm to the processing unit is known to cause stress to the fish and leads to a number of physiological responses (Tacchi et al., 2015) . In the industry, the arrival of live fish is important so that processing can occur during the period of pre-rigor mortis; fish processed during rigor mortis have impaired flesh quality (Bagni et al., 2007) and lower fillet yield (Erikson et al., 1997) . Therefore, the study of pre-slaughter stress during the transportation of live fish to the processing unit is important to the provision of strategies to the aquaculture industry for improving fish handling techniques.
The aim of this study was to evaluate the stress caused by transportation at different stocking densities, different transportation times and the influence of these factors on stress, sensory characteristics and the quality of Nile tilapia fillets. 
Materials and Methods
The experiments were conducted in accordance with the guidelines of the Brazilian College for Animal Experimentation (COBEA) and approved by the Ethics Committee on the Use of Animals in Research (CEAE) of the State University of Maringá, Maringá, Paraná, Brazil (Protocol 010/2013-CEAE).
Animals
Fish were reared in net cages located in the Corvo River, in the municipality of Diamante do Norte, in the state of Paraná (22°66' S; 52°78' W; 255 m). Net cages were stocked with 1,600 juveniles of Nile tilapia, TILA-MAX variety, which were sexually reversed introducing masculinizing hormone 17-α-methyltestosterone into the feed at the larval stage. Animals with 69.75 ± 9.92 g average weight were placed at the initial average density of 9.3 kg m -3 in net cages, each of which had a capacity of 6 m 3 (2.0 × 2.0 × 1.5 m). Fish were fed three times a day with a commercial diet containing 32 % crude protein and 3500 kcal kg -1 of digestible energy for 210 days. Prior to transportation, the fish (866.86 ± 143.98 g average weight and 33.80 ± 1.63 cm total length) were fasted for 24 h to empty the digestive tract.
Experimental design
To simulate different pre-slaughter handling situations with possible distinctions between levels of antemortem acute stress in individual tilapia, two experiments were conducted to examine different transportation times (Experiment 1) and stocking densities (Experiment 2), simulating the post-harvest transportation of live fish to the meat packing plant. Ten fish were sampled per treatment according to the following design: , were compared with control treatment fish (which were removed from the net cage and immediately euthanized); Experiment 2: Two transportation densities (100 and 400 kg m -3 ), with transportation for 180 min, were compared with control treatment fish (in which the fish were removed from the net cage and immediately euthanized).
Transportation characteristics
Three boxes for the transportation of live fish were made of glass fiber with a capacity of 1000 L and equipped with diffusers and oxygen cylinders. The three boxes were placed in a fish transportation truck. To perform the experiment as close to the reality of the industry as possible, 6 g L -1 of sodium chloride were added to the water used for fish transportation (Oliveira et al., 2009) .
Initially, fish were randomly taken from the net cages with the aid of a dip net, weighed on a portable scale and then placed in the three transportation boxes, each of which was stocked with a different density (100, 200 and 400 kg m -3 ). The fish were then transported for 60, 180 or 240 min using local roads at speeds simulating transportation between the collection site and the processing unit (50 km h -1 ). The transportation times (60, 180, and 240 min) were coordinated with the arrival of the trucks at the processing unit.
Temperature and dissolved oxygen during transportation were monitored using a portable meter, maintaining an average temperature of 25.44 ± 1.29 °C and an average dissolved oxygen rate of 8.05 ± 3.19 mg L -1 .
Sampling
Samples were collected when the truck arrived at the processing unit. Each sampling lasted approximately 5 min, during which time the transportation vehicle remained parked.
After taking the fish from the transportation box, blood was collected using tail puncture for analyzing glucose and cortisol. Subsequently, the fish were sacrificed by sectioning the spinal cord, submersing in ice water and subjecting to the ventral opening of the abdominal cavity from the urogenital opening to the branchial chamber, followed by the careful removal of the viscera to avoid contamination of the meat with faeces. The fish were beheaded, skinned and filleted by hand. The whole skinless fillets were washed in chlorinated water at 5 ppm, packed, placed in an insulated box with ice (1 ± 1 °C) and transported to the laboratory for meat quality analyses.
Stress indicators: glucose and cortisol
Five fish from each treatment were subjected to blood collection by caudal vein puncture with the aid of disposable syringes; 1 mL blood was used for the plasma glucose analysis and 2 mL of blood for serum cortisol analysis. To separate the plasma, a 1 mL aliquot was poured into a tube containing fluoride EDTA, and centrifuged for 10 min at 2,500 rpm. Next, the supernatant was collected, corresponding to the plasma. Serum was obtained after submerging the blood samples in a water bath at 37 °C for 10 min, followed by centrifugation at 2,500 rpm for 10 min and collection of the supernatant (serum).
To evaluate plasma glucose levels, we used the glucose test based on the enzymatic photometric method according to the manufacturer's instructions. The analysis of the serum cortisol level was conducted using microparticle chemiluminescence immunoassay (CMIA) with the Architect 8200 system and a reagent kit of the same brand.
Analysis of pH, color, water loss and water-holding capacity
The meat quality indicators evaluated were pH, color, water-holding capacity (WHC), water loss by pressure and water loss during cooking. Analyses of pH, color, water loss by pressure and water loss during cooking were performed in chilled samples, while the WHC was Stress affects the quality of tilapia Sci. Agric. v.75, n.4, p.321-328, July/August 2018 determined using frozen fillets. The fillets used for WHC analysis were frozen in a freezer at -20 °C for 5 days until analysis.
At 36 h post-mortem, the pH was measured in triplicate for each of the ten fillets in each treatment group using a portable digital potentiometer, which was equipped with a muscle electrode that was directly inserted into the fillets at three different points (dorsal, central and ventral parts) .
At 36 h post-mortem, measurements of lightness were carried out in ten fillets per treatment on the ventral side of the fillet at six different reading points per sample. The values of lightness (L*) were measured using a colorimeter at an angle of 90° at room temperature, where L* indicates the lightness (L*=0 black and L*=100 white) and b* is the yellow-blue component.
Analysis of the water holding capacity (WHC) was performed on ten fillets per treatment as proposed by Lankhmanan et al. (2007) . We used an analytical balance to weigh 1 g samples of raw muscle, in triplicate, placed in 1.5 mL tubes fitted with filter paper. The tubes were centrifuged at 1318 × g for 4 min at 4 °C in an Eppendorf centrifuge. Samples were weighed after centrifugation and dried in an oven at 70 °C for 12 h. At the end of this period, the dried samples were weighed again. To calculate the WHC, we used the following formula:
where: WHC% = water-holding capacity, ISW = initial sample weight, PCSW = post-centrifugation sample weight, and DSW = dry sample weight. The water loss by pressure was determined in triplicate in five fillets per treatment according to Stadnik et al. (2008) . To measure water loss by pressure, 0.5 g muscle samples were placed between two qualitative filter paper circles 5.5 cm in diameter, 205 µm in thickness and 80 g m -2 in weight placed between two square plates of glass 8 mm in thickness. Uniform pressure was applied to this assembly using a 10 kg weight for 5 min. Then the samples were weighed again and the difference between the initial and final weights was expressed as a percentage.
Water loss during cooking was determined according to Cason et al. (1997) in ten fillets per treatment. We weighed 70.0 g of muscle on a semi-analytical balance, placed the samples in plastic bags and cooked them in a water bath until the internal temperature reached 75-80 °C as monitored with a digital thermometer. Then, the samples were cooled to 30 °C and weighed again. The difference between the initial and final weights of the muscle was expressed as a percentage indicating the water loss during cooking.
Sensory analysis
For each experiment, we used two tests (acceptance and purchase intent). The tests were performed in accordance with Dutcosky (2007) using 90 untrained panellists selected at random. The judges' panel was composed of 43 % women and 57 % men; of the total panel, 17 % were aged 17-26 years, 13 % 27-36 years, 33 % 37-46 years, 23 % 47-56 years and 14 % 57-60 years.
To evaluate the sensory acceptance of the fillets, they were initially thawed under refrigeration. The inclusion of salt in the fillets was made by submerging the fillets in brine with a dose of 10 % common salt for 3 min. The fillets were then cut into cubes of approximately 4 g and grilled on an electric grill with approximately 2 mL of soybean oil per 100 g meat. One fillet cube of each treatment was offered to each judge, and the different samples were identified with three random numbers using disposable materials free of extraneous odor. Along with the sensory analysis form, we offered a glass of water and a salt biscuit, and the judges were instructed to eat a piece of biscuit and drink water between samples.
The panellists were asked to rate the appearance, color, tenderness, juiciness and characteristic taste of the fish using a 9-point hedonic scale ranging from extreme dislike (1) to extreme like (9) (Dutcosky, 2007) . Using these data we calculated the acceptability index (AI) of the products using the following equation (Dutcosky, 2007) :
100 (2) Additionally, the judges were asked to rate their purchase intent using a 5-point hedonic scale from 1 (definitely would not buy) to 5 (definitely would buy) in accordance with Dutcosky (2007) .
Statistical analysis
The results, which are presented as the mean ± standard error of the mean, were obtained from the analyses of five fish for glucose, cortisol and water loss by pressure, and from the analyses of ten fish for pH, color, water-holding capacity and water loss during cooking.
Data obtained in the analyses for glucose, cortisol and meat quality were subjected to analysis of variance using the GLM procedure of the Statistical Analysis System v. 8.0; wherever significant differences (p < 0.05) were observed, Tukey's test was applied for the purpose of comparison between treatments.
For the statistical analysis of the sensory analysis results, we used the methodology of the generalized linear models (GENMOD procedure from SAS); we used the gamma distribution for the following variables: color, tenderness, juiciness, characteristic taste of the fish and purchase intent; and we used the normal distribution for the acceptability index. For these analyses, the following contrasts were proposed: C = µ 60 min +µ 240 min 2 -2µ control. (sensory analysis 1) C = µ 100 kg m -3 +µ 400 kg m -3 -2µ control. (sensory analysis 2)
The contrasts were tested using t-tests at a 5 % significance level. 
Results

Experiment 1: Nile tilapia subjected to different transportation times
The levels of serum cortisol ( Figure 1A ) and plasma glucose ( Figure 1B) were significantly different between transportation times 60 and 240 min; at 60 min, tilapia showed higher levels of cortisol (p = 0.0186) and glucose (p = 0.0031). At 240 min, cortisol and glucose levels were similar to the control treatment.
Regarding the quality attributes of the evaluated fillets (Table 1) , there were no differences (p > 0.05) between the treatments as regards pH, lightness (L*), chroma b* or water loss during cooking.
However, when evaluating water-holding capacity (WHC) and water loss by pressure, 60 min of transportation resulted in fillets with lower WHC (p = 0.0067) ( Figure 1A ) and higher water loss by pressure (p = 0.0005) ( Figure 2B ) compared to the 240 min group. Fillets had a higher WHC (60 %) lower water loss by pressure (30 %) when transported for 240 min. The times of 60 and 240 min did not differ from the control treatment for these parameters.
In the sensory analysis, there were no differences (p > 0.05) for the following characteristics: color, tenderness, characteristic taste of fish, acceptability index or purchase intent (Table 2) . However, fish fillets transported for 240 min showed a higher level of juiciness (7.25) compared to the control fish (6.90).
Experiment 2: Nile tilapia subjected to different transportation densities
Fish subjected to different transportation densities (100 and 400 kg m -3 ) after 180 min of transportation showed no difference (p = 0.5186) in terms of serum cortisol levels; there was also no difference between the densities and the control treatment ( Figure  3A) . For plasma glucose, the densities of 100 and 400 kg m -3 exhibited similar mean values, both of which were higher than the control mean (p = 0.0149) (Figure 3B) .
With respect to the quality characteristics, the pH was different between the treatments; the density of 400 kg m -3 resulted in fillets with a higher pH (6.20) compared to the control (5.85) ( Table 3 ). The mean pH of fillets at the density of 100 kg m -3 was similar to the other treatments (6.04). There were no differences (p > 0.05) between the treatments for lightness (L*), chroma b*, water-holding capacity, water loss by pressure or water loss during cooking (Table 3) .
With respect to the sensory evaluation of the fillets, there were no differences (p > 0.05) between treatments in terms of tenderness, juiciness, characteristic taste of fish or purchase intent (Table 4) . However, the color of the fillets transported at the density of 400 kg m -3 reached a higher score (7.39) compared to the control treatment fillets (7.02) (p = 0.0353). As a result, the acceptability index for fillets at a density of 400 kg m -3 was also higher than the other treatments (81 %) (p = 0.0237). 
5.85 ± 0.12 6.00 ± 0. 
Discussion
The change in cortisol blood level is considered a primary response of organisms to stress; glucose, lactate and pH are usually secondary stress indicators (Ellis et al., 2012; Hultmann et al., 2012) . In the present study, transportation for 60 min resulted in higher levels of serum cortisol and plasma glucose, and the levels of these metabolites found in the control treatment were re-established at 240 min of transportation ( Figure 1A and B) , indicating a physiological adaptation of the animals to the transport conditions. Plasma levels of cortisol increase quickly after exposure to an acute stressor and the standard conditions are restored in a few hours (Poli, 2009; El-Khaldi, 2010) , showing that Nile tilapia are highly adaptable to stressful situations. The different transportation densities (100 and 400 kg m -3 ) did not affect the levels of cortisol and glucose, but the glucose levels in fish transported at these densities were higher than in the control treatment ( Figure 3B ). Although there was no difference in the primary indicator of stress (cortisol) between the different densities, the observed hyperglycemia is the body's response to stress because glucocorticoids, corticosteroids and catecholamines raise the level of blood sugar (Tejpal et al., 2009) , which is also related to the release of hepatic glucose, the main reserve carbohydrate in fish (Enes et al., 2009) .
Transport stress at different times (60 and 240 min) affected the water-holding capacity (WHC) (Figure 2A ) and the water loss by pressure ( Figure 2B ). The more stressed fish (transported for 60 min at the density of 200 kg m -3 ) showed lower WHC and greater water loss by pressure compared to fish transported for 240 min. Hedonic scale between 1 (dislike extremely) and 9 (like extremely); 2 Hedonic scale between 1 (definitely would not buy) and 5 (definitely would buy); Mean values in the same row followed by different letters are significantly different according to a t-test; Data are expressed as the mean ± standard error of the mean (n = 90). Several studies have linked pre-slaughter stress with decreased WHC in fish (Bjørnevik and Solbakken, 2010; Digre et al., 2011; Hultmann et al., 2012; Goes et al., 2015) . Water-(or liquid-) holding capacity (also called water-binding capacity) can be defined as the amount of water left after centrifugation relative to either the water present before centrifugation or to the dry weight (Andersen and Jørgensen, 2004) . Methods that measure water retention in muscle refer to the amount of liquid retained in a protein system by the application of force according to the measurement conditions. No absolute figures exist since the amount of loose water depends on the type and amount of force applied (Jauregui et al., 1981) . Various techniques have been used for the determination of WHC, such as drip loss (Honikel, 1998; Otto et al., 2004) , filter paper wetness (Brøndum et al., 2000) , cooking/heating loss (Aaslyng et al., 2003) , the centrifuge force method (Zhang et al., 1995) , thawing loss, processing loss, technological yield, etc. Prevolnik et al., 2010) . Factors that influence WHC include the levels of lactic acid, inosine monophosphate, adenosine triphosphate (ATP), inosine, glycogen, pH, and the temperature of the muscle (Schäfer et al., 2002) . Lund et al. (2011) reported that the ability of the muscle to retain water is affected by several factors, such as pH, post-mortem protein oxidation, proteolytic activity of the meat-tenderizing enzymes, and cross-linking of myofibrillar proteins. In particular, WHC is affected by pH; the pH near the isoelectric point of proteins decreases the WHC (Huff-Lonergan and Lonergan, 2005) . Nevertheless, in this study, it was not possible to connect changes in WHC to the pH of the muscle at 36 h post-mortem because there was no difference in pH for different transportation times (60 and 240 min) ( Table 1) .
Differences in pH were found between fish subjected to different transportation densities, a higher density resulting in higher pH (6.20) compared to the control treatment (5.85) ( Table 3) . Slaughter immediately after harvesting may have caused a faster consumption of glycogen with an increasing anaerobic respiration rate, resulting in increased production of lactic acid which lowers the pH of the meat relative to the two fish densities (100 and 400 kg m -3 ), which had been transported for 180 min and possibly had time to restore glycogen rates. However, these changes in pH were not able to influence the other quality parameters of the meat (Table 3) .
The greater water losses observed in the fillets of more stressed fish in this study affected the juiciness of the meat, corroborating previous studies by Huff-Lonergan and Lonergan (2005) . In the sensory analysis, the fillets that were transported for 240 min had higher WHC, less water loss by pressure, and better scores for juiciness. For the consumer, a higher water-holding capacity brings the sensation of juiciness during chewing (Desmond, 2006) , which is corroborated by the results of this study. Hedonic scale between 1 and 5; Mean values in the same row followed by different letters are significantly different according to a t-test; Data are expressed as the mean ± standard error of the mean (n = 90). ), fish transported at 400 kg m -3 showed better scores for the attribute of color and higher scores on the sensory acceptability index (Table 4) . However, as there were no differences between the stress indicators and meat quality parameters between the two densities, it was not possible to connect the results obtained in the sensory analysis with the other results. The sensory evaluation of Atlantic cod (Gadus morhua) fillets showed that fish slaughtered with anesthetic showed a brighter surface color than the fillets of fish exposed to pre-slaughter stress, but the tasters did not notice differences in odor, flavor nor texture (Digre et al., 2011) . Meanwhile, differences in the fillet texture of cod slaughtered with and without ante-mortem stress were observed by trained tasters (Sveinsdóttir et al., 2010) .
The sensory attributes evaluated in both sensory analyses showed values between 6.90 and 7.53 for the characteristics of color, tenderness, juiciness and the characteristic taste of the fish. Considering that on the hedonic scale, the values 6 and 8 correspond to "like slightly" and "like very much", respectively, these results indicate a favorable attitude toward Nile tilapia by the judges, a fact corroborated by the acceptability indices above 70 % [Dutcosky (2007) recommended a minimum acceptability index of 70 % for the product to be well accepted]. Moreover, the value observed for purchase intent was 3.98. Because the score 4 represented the choice "would possibly buy", this result suggests that the tasters would probably show interest in buying the Nile tilapia fillets.
Conclusions
Fish with lower levels of serum cortisol and plasma glucose (subjected to 240 min of transportation at a density of 200 kg m -3 ) had meat with a greater waterholding capacity, less water loss by pressure and greater juiciness compared to fish with increased levels of serum cortisol and plasma glucose (subjected to 60 min of transportation at a density of 200 kg m -3 ). Transportation densities of 100 and 400 kg m -3 at 180 min of transportation showed no influence on the stress indicators and instrumental quality parameters of the fillets, but fish transported at 400 kg m -3 showed better visual acceptance by panellists.
The results demonstrate that lower pre-slaughter stress of Nile tilapia can reduce the water loss of fillets, an important factor in the avoidance of economic losses due to weight loss and the sensory quality of fillets in the fish processing industry.
